We report here on anisotropy of spin polarization obtained in lateral all-semiconductor allelectrical spin injection devices, employing p + −(Ga,Mn)As/n + −GaAs Esaki diode structures as spin aligning contacts, resulting from the dependence of the efficiency of spin tunneling on the orientation of spins with respect to different crystallographic directions. We observed an in-plane anisotropy of 8% in case of spins oriented either along [110] or [110] directions and 25% anisotropy between in-plane and perpendicular-to-plane orientation of spins.
takes place. Under positive bias tunneling in reverse direction occurs and spin polarization in GaAs is established due to extraction of majority spins from GaAs. As was shown experimentally and supported theoretically the spin polarization can be relatively high at low biases and then decreases with increasing bias.
6,7
In a recent report 8 we have presented a lateral device, based on (Ga,Mn)As/GaAs structure, with a successful implementation of an efficient all-electrical spin injection and detection scheme. We have measured a relatively high spin injection efficiency P of ≈ 50% for low bias currents |I| ≤ 10µA. In this study we test such a device for the dependence of the obtained spin injection efficiency on the orientation of injected spins. As recently discovered, the tunnel resistance in structures with a single (Ga,Mn)As ferromagnetic layer depends on the relative orientation of magnetization in that layer with respect to the direction of crystalographic axes leading to an effect called tunneling anisotropic magnetoresistance (TAMR).
9
By analogy, the anisotropy in related polarization of tunneling current could be described as tunneling anisotropic spin polarisation (TASP).
10
The experiments were performed on devices of a similar type as the one used in Ref. 8 .
The schematic of the device is shown in Fig. 1(a) . The sample features four magnetic Esaki diode contacts (2-5) and two non-magnetic contacts (1, 6) to the transport channel. The size of the magnetic contacts is 1 × 50µm and the spacing between their centers is 6, 7, and 6 µm between pairs 3-2, 4-3, and 5-4, respectively. Esaki diodes consist of 20 nm of Ga 0.95 Mn 0.05 and 8 nm of n + -GaAs, with n + = 6 × 10 18 cm −3 . The transport channel is a 250 nm thick n−GaAs layer with n = 6 × 10 16 cm −3 . Between the diode and the channel a 15 nm thick GaAs transition n + → n layer is also used. More details on the used wafer and fabrication process can be found in Ref. 8 . The measurements were done in a non-local geometry 11 , i.e., with no current flowing in a detector circuit. The resistance of the injecting contacts was also monitored by measuring the voltage V inj . As there is no current flowing between contacts 2-6, V inj reflects only voltage drop across the interface of the injecting contact 2, without a contribution from the resistance of the lateral transport channel. A non-equilibrium spin accumulation induced in n−GaAs underneath the injector and diffusing in either direction of this contact results in the non-local voltage V nl , measured by the detector at a distance L from the injector, and is given by
where I is a bias current, ρ N , λ sf , S are, respectively, resistivity, spin diffusion length and the cross-section area of the non-magnetic channel. P inj(det) is the spin injection efficiency of the injector (detector) contact and expresses the polarization of the current injected at the respective contact. The ± sign corresponds to a parallel (anti-parallel) configuration of magnetizations in ferromagnetic electrodes and V of f set is the background offset value observed in many non-local spin-valve (SV) measurements 12,13 , the origin of which is still not fully understood. To make the analysis of the experimental data simpler we limit here our discussion to the case of low bias values, for which P inj = P det = P holds 8 . We present then mostly the results of ac lock-in measurements with low excitation current, typically I = 5µA. The use of ac technique allowed to increase the signal-to-noise ratio for low-level excitation and to minimize the background in the signal, as the latter appears to be roughly symmetric with the bias current. The downside of ac measurement is however the loss of information about the difference between injection and extraction of spins.
In Fig. 1 
The ∼ 8% anisotropy in P is observed between maximum for Much bigger anisotropy of spin injection efficiency is observed between in-plane and outof-plane orientation of injected spins. The value of TASP is obtained from measurements in perpendicular magnetic field, presented in Fig. 3 . With the spin signal V nl s diminishing with increasing B due to spin dephasing one can extract an offset signal V of f set ≈ −2.2µV , which is bigger than the one in Fig. 1 (different contact pairs are used) . A field of value ∼ 0.07T rotates magnetization of injector and detector out of plane and as a result the injected spins are again parallel to the external field and non-zero spin signal is again observed.
The amplitude ∆V ⊥ of the resulting step is proportional to the square of the injection efficiency P ⊥ of spins pointing along [001] . At higher fields the measured detector signal shows parabolic field dependence that could be attributed to the field dependence of the background. 8, 12 This dependence is plotted as a dashed line in the low panel of Fig. 3 and clearly can be disregarded in the plotted range. The difference in the signal registered at high field (∆V ⊥ ) and the one at 0T (∆V ) is then a measure of the anisotropy of the spin injection efficiency. We define perpendicular-to-plane anisotropy as T ASP ⊥/|| = 100% × (P ⊥ − P )/P and obtain a value of ∼ −25%. In the lower panel of the Fig. 3 we plot a magnetic field dependence of the TAMR signal in reference to the in-plane case, i.e., the value at B = 0T .
The perpendicular-to-plane anisotropy T AMR ⊥/|| is ∼ −9%, the value in the same range as the one in earlier reports on spin Esaki diode contacts 18 . The sign of T ASP ⊥/ and discussed earlier.
In summary, we have characterized GaAs-based spin injection devices with This work has been supported by Deutsche Forschungs Gemeinschaft (DFG) through Sonderforschungbereich 689.
